Long-QT syndromes (LQTS) are mostly autosomal-dominant congenital disorders associated with a 1:1000 mutation frequency, cardiac arrest, and sudden death. We sought to use cardiomyocytes derived from human-induced pluripotency stem cells (hiPSCs) as an in vitro model to develop and evaluate gene-based therapeutics for the treatment of LQTS.
Introduction
With the prevalence of 1:1000 individuals, inherited long-QT syndromes (LQTS) are life-threatening disorders caused by abnormal ventricular repolarization 1 due to mutations in at least 13 genes encoding cardiac ion-channel proteins. 2 Patients with LQTS have an increased risk of Torsades de Pointes (polymorphic ventricular tachycardia), which can present as palpitations, syncope (fainting), seizures, cardiac arrest, and sudden death. 3 Of LQTS cases, 45% are classified as LQTS-type 2 (LQT2), caused by mutations in KCNH2 (also known as hERG), which encodes the a-subunit of a tetrameric complex forming part of the rapid-acting inward rectifying potassium (I kr ) channel. 4 Over 500 hERG mutations are identified, which primarily show autosomal-dominant-negative inheritance. Function of the wild-type (WT) protein is compromised by mutated (Mut) protein, thus resulting in reduced I kr function due to altered gating properties 5 or impaired protein trafficking sometimes linked to glycosylation defects, inappropriate protein maturation and proteasomal degradation. 6 Treatments for LQT2 include the administration of badrenoceptor antagonists (b-blockers) or, in patients at a high risk of sudden death, surgery for implantation of pacemakers, cardioverter defibrillators, and left cardiac sympathetic denervation. 7 However, limitations in current therapies have prompted investigations to further understand disease pathology, and develop and safety screen novel pharmacological treatments. Such research has been based on the use of in vitro transgenic or immortalized cell lines (e.g. HEK293) and animal models (e.g. guinea-pig myocytes, arterially perfused canine and rabbit left ventricular wedge preparations), as well as in vivo toxicity studies in monkeys, dogs, and mouse. 8 However, a particular limitation of the mouse is the reliance on different ion channels relative to human (mouse, I to , I K , slow1 , I K , slow2 , I SS ; human, I Ks , I Kr ) during the cardiac action potential. 9 Lack of predictive translation of such models towards human behaviour 4 has led to the development of a multitude of functionally relevant, humanized in vitro models for LQTS via use of induced pluripotency technologies. 10 These have successfully shown that patient's clinical profiles and response to pharmacology are faithfully reflected in vitro, including for LQT2. 11 Here, we sought to explore the disease-causing biophysical mechanisms of LQT2-associated c.G1681A (p.Ala561Thr) missense mutation in KCNH2, with view to developing novel patient-specific treatments. By coupling induced pluripotency technologies to RNA interference (RNAi)-based therapy, we demonstrated that allelespecific mRNA knockdown of Mut hERG is feasible in human cardiomyocytes. This treatment rescued electrophysiological characteristics of LQT2 human-induced pluripotency stem cell (hiPSC)-derived cardiomyocytes, as evidenced by normalized action potential durations and increased K + current. Moreover, treated cells did not develop early-afterdepolarizations (EADs) in response to adrenergic stimulation or potassium blockage, drug treatments that induce arrhythmias in LQT2 patients. These data suggest that allele-specific RNAi warrants further in vivo investigation as a treatment modality for LQTS and other autosomal-dominant-negative genetic diseases.
Methods
Details on hiPSCs, including isolation of patient tissue, generation, culture, and characterization, as well as generation of high titre lentivirus are previously published. 11, 12 In vitro differentiation to cardiomyocytes was via embryoid body (EB) formation, based on previous publication. 13 
Electrophysiology analysis
For multi-electrode array (MEA) analysis, beating clusters between Days 12 and 16 of differentiation were mounted on MEAs (Multichannel Systems), and extracellular field potential measurements performed according to previous guidelines. 14 For whole-cell recordings of action potentials by patch-clamp, cardiomyocyte clusters were disaggregated to single cells using published method and buffers, 15 and recordings were obtained in the current mode using an ECP-10 amplifier (HEKA). During recordings cells were maintained at 378C in normal Tyrode's buffer, while patch pipettes and buffer were as previously described. 11 Data were recorded using the Pulse software (HEKA) and analysed using Clampfit v9.0 (Molecular Devices). Cardiomyocyte subtypes were determined as previously described. 16 or transduced with lentivirus at MOI 10, generated as previously described. 17 For cardiomyocyte transduction, lentivirus was preincubated with Polybrene w (Sigma-Aldrich) for 5 min before addition to the cells, as published before. 18 This was performed to increase transduction efficiency since Polybrene w is known to neutralize charge repulsion between viral particles and sialic acid on the cell surface. 19 siRNA transfection siRNAs against WT or Mut hERG were designed based on optimum discrimination parameters, 20 and ordered (Invitrogen) with dTdT 3 ′ modification. LacZ-siRNA was included as a non-targeting control (F: 5 ′ -CUACACAAAUCAGCGAUUU, R: 5 ′ -AAAUCGCUGAUUU GUGUAG) and had fluorescein 5 ′ modification to allow transfection efficiency quantification. For transgene knockdown, 20 mM doublestranded siRNAs (5 mL) mixed with ExGen500 lipid (7 mL; Fermentas; 2:2 siRNA:lipid ratio) were used to transfect 10 000 fibroblasts. For endogenous gene knockdown, 2.5 mL siRNA were mixed with 3.5 mL ExGen500 lipid (1:1 siRNA:lipid ratio) and used to transfect 10 000 cardiomyocytes. Transfections were performed in OptiMEM (Invitrogen) for 4 h, according to lipid manufacturer's instructions.
shRNA gateway cloning shRNA oligos (Invitrogen) were annealed by heating to 948C for 4 min, then 708C for 10 min, and cooled-down at room temperature for 1 h. TM Taq ReadyMix TM (10 mL; Sigma-Aldrich), reference dye 0.02 mL, 2.5 mM MgCl 2 , and same primers as above (2 mL). PCR conditions were 508C for 20 s, 958C for 10 min then 37 cycles (958C, 15 s; 598C, 1 min) with data collection after the 598C, 1 min step. Amplification was followed by continuous melt-curve analysis.
Statistical analysis
Data presentation and significance scoring were as previously described. 11 Within-group data were reported as mean values of experimental replicates + standard deviation. Wild-type and Mut hERG Allele-specific RNAi rescues LQTS phenotype monomer incorporation into tetramers before and after Mut mRNA knockdown was statistically modelled using binomial distribution.
Choice of the statistical model was based on the apparent random assembly of WT and Mut hERG alleles into tetramers and their statistical independence. Therefore, the probability of a tetramer containing WT: Mut alleles at a ratio of k:(n 2 k) for k ¼ 0,1, . . . ,n were calculated using:
, where n ¼ 4, C(n, k) is the binomial coefficient, and p is the fraction of WT monomers in the total hERG population. The formula for prob(k:n 2 k) can be understood as follows: for a tetramer to contain WT:Mut alleles at a ratio of k:(4 2 k), we need k monomers of WT giving a probability of p k , and (4 2 k) monomers of Mut giving a probability of (1 2 p) 42 k . However, the successful choice of the WT monomer can occur anywhere among the n ¼ 4 trials. Namely, there are C(n, k) different ways of distributing k successes in a sequence of n trials thus giving the resulting formula.
Results hERG c.G1681A mutation causes electrophysiological abnormalities in Long-QT syndromes-type 2 cardiomyocytes
Human-induced pluripotency stem cells were generated from a patient with LQT2-related mutation c.G1681A in KCNH2, and from genetically matched controls including the patient's father (genetically normal) and mother (asymptomatic carrier of same mutation, not under b-blocker treatment). Full 12-lead electrocardiograms (ECGs) for all family members have been previously published. 11 Differentiation of hiPSCs produced beating clusters within 8 -16 days, 13 which contained cardiomyocytes as evidenced by characteristic cardiac muscle striations upon immunostaining ( Figure 1A ). Electrophysiological analysis by whole-cell patch-clamp of individual human pluripotent stem cell (hPSC) cardiomyocytes showed cultures contained ventricular (32%), atrial (41%), and pacemaker-like (27%) cell subtypes ( Figure 1B ). Multi-electrode array analysis showed that compared with cardiomyocytes generated from HUES7 human embryonic stem cells (hESCs; 845 + 78 ms, n ¼ 11), and the patient's father (LQT2-PAT; 836 + 78 ms, n ¼ 6) and mother (LQT2-MAT; 795 + 174 ms, n ¼ 6), LQT2 cardiomyocytes had significantly prolonged field potential duration (FPD: 1084 + 1.65, P ¼ 0.01, n ¼ 10; Figure 1C ), which correlates to the patient's ECG indications. 11 The same was true when LQT2 ventricular (APD: 929 + 167 ms, P ¼ 0.01, n ¼ 13), atrial (APD: 1126 + 260 ms; P ¼ 0.004, n ¼ 14), and pacemakerlike (APD: 882 + 222 ms, P ¼ 0.02, n ¼ 9) cardiomyocytes were compared with controls (combined data from hESCs, LQT2-PAT, and LQT2-MAT) by patch-clamp electrophysiology ( Figure 1D ). Treatment with E4031 (1 mM), a selective I Kr channel blocker, caused APD prolongation in control cardiomyocytes (378 + 229.0 ms, n ¼ 6), and arrhythmogenesis appearing as EADs only in LQT2 cardiomyocytes (occurrence rate 1:2, n ¼ 6), indicating increased sensitivity to I Kr blockage ( Figure 1E ). All analysis was performed in two independent hiPSC-lines per patient to avoid side-effects form line-to-line variation. Deep-sequencing of the LQT2-genome also confirmed absence of additional known disease-associated mutations in cardiac arrhythmia-related genes (Table SI) , therefore leaving differences between mother-daughter phenotype-to-genotype correlations unanswered.
hERG c.G1681A mutation causes dominant-negative trafficking defect in cardiomyocytes
To explore disease-causing biophysical mechanism of KCNH2 c.G1681A mutation, we interrogated predicted hERG folding using SWISS-MODEL tools, which showed amino-acid substitution of alanine to threonine did not cause structural protein change ( Figure 2A) . Further studies were conducted using transgenic disease systems in fibroblasts and HEK293 cells (Supplementary material online, Figure S2 ), where western blot analysis confirmed the presence of glycosylation/maturation defect in Mut hERG ( Figure 2C ), correlating to previous publications. 21 Fluorescence staining detected distinct hERG localization patterns, which for the WT overlapped to pan-cadherin and fibroblast surface markers ( Figure 2Di -ii, Supplementary material online, Figure  S3B ), but was perinuclear for Mut hERG (Figure 2Ei -ii). This also confirmed that glycosylation defect leads to impaired protein trafficking. 22 Next, clones over-expressing WT hERG-GFP were generated and showed an indistinguishable localization pattern when compared with non-tagged WT hERG clones, confirming the GFP tag did not compromise hERG localization (Supplementary material online, Figure S2E ). When WT hERG-GFP was transfected into Mut transgenic lines, the GFP signal lacked surface localization ( Figure 2F i and ii), indicating a dominant-negative phenotype likely due to the formation of non-functional WT/Mut tetramers with defective hERG surface transport. Finally, lentiviral transduction with paramagnetic bead-bound virus, previously proven to enhance viral uptake, 12 showed that transgene over-expression can be detected in hPSC cardiomyocytes (Supplementary material online, Figure S4B ) at 5-6 days post-transduction (PTD). This also enabled detection of over-expressed hERG in single cardiomyocytes demonstrating that in functionally relevant human cells, WT hERG is co-localized with surface marker pan-cadherin ( Figure 2Diii ) while Mut formed perinuclear aggregates ( Figure 2Eiii ). Defective trafficking was also seen in cardiomyocytes co-infected with WT and Mut lentivirus (Figure 2Fiii ), confirming dominant-negative effect.
Testing potential drug therapies against hERG c.G1681A dominant-negative trafficking defect
Having validated c.G1681A mutation results in a hERG-dominantnegative trafficking defect, we wished to investigate novel, effective, and patient-specific treatments for this LQT2 mutation. Studies in immortalized cell-lines have suggested thaspigargin, fexofenadine, or E4031 enhance hERG cell-surface transport. 22, 23 Therefore, we exposed Mut fibroblasts to above drugs (10 nM to 10 mM), and stained with anti-hERG antibody. Fluorescence microscopy did not show improved hERG trafficking with thaspigargin or fexofenadine at any concentrations tested (data not shown). Although E4031 facilitated surface localization at 1 mM (Supplementary material online, Figure S5A ), our data showed this concentration also induced arrhythmogenesis in LQT2 cardiomyocytes ( Figure 1E) . E4031 experiments were, thus, not carried forward. To restore impaired K + currents, LQT2 cardiomyocytes were next treated with potassium-channel openers; nicorandil (20 mM) and PD-118057 (3 mM), which enabled shortening of the otherwise prolonged APD by 293.8 + 84.8 and 213.2 + 26.5 ms, respectively, and by 627.4 + 100.2 ms when used in combination (Supplementary material online, Figure S5B ). Combined treatment rendered APD in LQT2 cardiomyocytes similar to controls (653 + 100 and 613 + 122 ms, respectively). However, the administration of potassium-channel openers and isoprenaline, to mimic stress simulation, triggered abnormalities (Supplementary material online, Figure S5B ), perhaps due to excessive APD shortening requiring very fast repolarization that cells lacking functional hERG could not cope with. This suggests that LQT2 patients potentially undertaking this treatment could suffer arrhythmias during activities inducing sympathetic stimulation (e.g. exercise, stress).
Testing potential gene therapies against hERG c.G1681A dominant-negative trafficking defect
Current routes for gene therapy include targeted gene correction, transgene over-expression and RNAi for either knockdown or exon-skipping in Mut genes. Gene targeting has been achieved in vitro using hiPSC disease models, 10 and in animal in vivo models using zinc-finger nucleases, 24 but not yet in humans. Also, gene targeting requires proliferating cells in the S-phase of the cell-cycle, 25 so it is of limited use for the treatment of predominantly quiescent heart cells, while the structurally intact state of patients' hearts (i.e. absence of scar tissue or lesions) impedes transplantation of cardiac progenitors following targeted gene correction. Figure 2Diii shows WT hERG over-expression with surface localization can be achieved in cardiomyocytes via lentiviral transduction. As a therapeutic route, transgene over-expression could be utilized to shift the ratio of WT to Mut alleles, increasing the number of functional hERG tetramers capable of surface localization. However, while lentiviral WT-hERG over-expression was achieved, onset was delayed (5 -6 days PTD) and infection efficiency was low (52%). Also, since transgene over-expression levels can be uncontrolled and reach cardiotoxic levels, 26 this therapeutic route could face clinical challenges. We reasoned a more controlled way to regulate and improve formation and trafficking of functional hERG tetramers would be to use allele-specific mRNA knockdown. We designed RNAi constructs based on mismatch position guidelines previously published, 20 with sequences tethered around KCNH2 c.G1681A
mutation. Four siRNAs were designed against either WT or Mut KCNH2 ( Figure 3A , Supplementary material online, Figure S6A) , to determine the robustness of allelic knockdown, and converted to shRNA sequences cloned (Supplementary material online, Figure S6B ) into pDEST/U6 Gateway lentiviral vectors cardiomyocytes showed characteristic cardiac muscle striations with cardiac troponin-I staining, and (B) formed ventricular (n ¼ 11), atrial (n ¼ 14), and pacemaker-like (n ¼ 9) myocytes. (C) Long-QT syndrome-type 2 cardiomyocytes had prolonged field potential duration (n ¼ 10) and (D) action potential duration compared with controls, which included cardiomyocytes derived from human embryonic stem cells, the patient's father (long-QT syndrome-type 2-PAT) and mother (long-QT syndrome-type 2-MAT). (E) E4031 (1 mM) treatment caused prolongation in action potential duration of control cardiomyocytes (n ¼ 6), depicting the presence of functional hERG channels, and caused arrhythmias only in long-QT syndrome-type 2 cardiomyocytes (n ¼ 6).
Allele-specific RNAi rescues LQTS phenotype (Supplementary material online, Figure S6C ). Vector delivery into transgenic WT/Mut hERG fibroblasts was used to evaluate the specificity and efficiency of knockdown 72 h PTD, to allow time for VSV-G pseudo-typed vector initial integration into the host genome (can take at least 12 -48 h). 27 WT-G10 shRNA (75.9% knockdown) and Mut-A13-shRNA (70.5% knockdown) were most effective in reducing allele-specific transcripts without affecting the other allele ( Figure 3B , Supplementary material online, Figure  S6D ). Flow cytometry analysis indicated hERG protein knockdown approached mRNA knockdown levels on Days 6-9 PTD (65.2 and 71.8%, respectively; Figure 3C ). Delay in protein compared with mRNA knockdown was attributed to hERG protein turn-over, known to be 11-16 h. 28, 29 WT protein was unaffected by A13-shRNA, when compared with a LacZ-shRNA control (Supplementary material online, Figure S6E ). Results suggested that allelespecific mRNA knockdown warranted further investigation in LQT2 cardiomyocytes.
Allele-specific RNAi can knockdown mutated hERG in long-QT syndrome-type 2 cardiomyocytes
Having validated allele-specific knockdown at the gene and protein levels, we synthesized siRNAs corresponding to A13 sequences.
siRNA transfection efficiencies were optimized using fluorescently tagged oligos in transgenic fibroblast lines (98.8-99.8%, Supplementary material online, Figure S7 ) and LQT2 hiPSC cardiomyocytes (84%, Figure 4B , Supplementary material online, Figure S8 ). In disaggregated single cardiomyocytes or small beating clusters of five to six cells, siRNA transfection was not significantly cytotoxic as it did not compromise spontaneous contraction or structural integrity when the 1:1 siRNA:lipid ratio was used (see section 'Methods', Figure 4B , Supplementary material online, Figure S8B ). siRNA treatment at the 2:2 ratio (or higher), enabled 100% cardiomyocyte transfection but was detrimental to structural integrity as shown by cardiac troponin-I staining (Supplementary material online, Figure S8A ) and was not used in knockdown experiments. Allele-specific mRNA knockdown by A13-siRNA was confirmed in fibroblast transgenic lines (Figure 4Ai) , and repeated transfection with siRNA every 48 h for 6 days sustained knockdown of Mut KCNH2 (Figure 4Aii) . In LQT2 cardiomyocytes, A13-siRNA enabled 61.8% knockdown of endogenous Mut KCNH2 mRNA compared with controls (untreated and treated with LacZ-siRNA), without affecting WT mRNA ( Figure 4C) . This is the first report documenting allele-specific knockdown of an endogenous mRNA in heart cells, or indeed hiPSCs and their differentiated derivatives. Based on observations that gene knockdown levels correlate to protein knockdown ( Figure 3C) , statistical modelling fitted to the binomial distribution was used to predict the likelihood of functional hERG tetramer formation following Mut hERG knockdown. Results indicated that this level knockdown of endogenous Mut hERG could enhance the likelihood of functional protein tetramer formation from 0.0625 (6.25%) to 0.2757 (27.57%; Figure 4D ), meaning a potential 4.5-fold increase in I Kr current. This could shift the phenotype of LQT2 cardiomyocytes towards that of an asymptomatic mutation carrier or normal individual. Indeed, simultaneous transduction of cardiomyocytes with hERG WT, Mut, and A13-shRNA lentiviral constructs co-incubated onto paramagnetic beads (can bind hundreds of virions/bead), indicated considerable improvement in surface localization for hERG ( Figure 4E ). This demonstrated specific knockdown of Mut transgene could alleviate dominant-negative phenotype and allow corrected WT localization.
Electrophysiological properties of siRNA-treated long-QT syndrome-type 2 cardiomyocytes
We next investigated the effect of siRNA knockdown on LQT2 hiPSC-cardiomyocyte function. Patch-clamp electrophysiology showed the otherwise prolonged APD of ventricular, atrial, and pacemaker-like myocytes was shortened by 279 + 148 ms (P ¼ 0.35, n ¼ 8), 438 + 142 ms (P ¼ 0.01, n ¼ 15), and 212 + 66 ms (P ¼ 0.03, n ¼ 17), respectively, following A13 treatment when compared with control LQT2 cardiomyocytes ( Figure 5A and B).
APD50 and APD90
11 values were also shortened (% decrease in Figure 5A ). Spontaneous arrhythmias observed in control LQT2 myocytes (occurrence rate 1:3, n ¼ 21) were never detected in A13-treated cells ( Figure 5C ), indicating rescue of LQT2 arrhythmogenic phenotype. Voltage-clamp recordings demonstrated increased K + current in A13-treated LQT2 cardiomyocytes (n ¼ 5), suggesting APD shortening could be due to improved repolarization ability from A13 treatment. A13-treated LQT2-myocytes did not develop isoprenalineinduced arrhythmias (n ¼ 10; Figure 6B ), suggesting patients under siRNA therapy could have increased tolerance to exercise or stress. This was in contrast to control LQT2 cardiomyocytes (n ¼ 10, Figure 6A ), and cardiomyocytes under combined Nicorandil and PD-118057 treatment which had enabled comparable APD decrease to siRNA treatment (Supplementary material online, Figure S5B ). In addition, siRNA-treated myocytes showed no arrhythmias with E4031 treatment (n ¼ 5, Figure 6B ), which indicates that patients potentially undertaking this therapy could be less susceptible to drug-induced cardiac episodes when administered drugs with cardio-toxic QT-elongation side-effects. 30 In summary, although focusing on one specific LQT2 mutation, the results presented here are evidence that allele-specific RNAi can rescue LQTS phenotype, in a humanized functionally relevant in vitro disease model.
Discussion
Biophysical disease mechanisms of LQT2-associated mutation c.G1681A were analysed in this paper and exploited to validate a novel therapeutic treatment in patient-specific hiPSC cardiomyocytes. Treatment was based on RNAi technologies to specifically knockdown Mut hERG alleles, while leaving the WT unaffected, and maintaining contractibility and structural integrity in cardiomyocytes. The quiescent state of human cardiomyocytes poses a major obstacle for other in vivo cardiac therapies, such as a targeted Allele-specific RNAi rescues LQTS phenotype gene correction by zinc-finger nucleases where cells need to enter the S-phase of the cell-cycle. 25 In contrast, we show that human cardiomyocytes can readily uptake and express siRNA molecules. In LQT2 cardiomyocytes, Mut mRNA was knocked-down by 61.8%, increasing likelihood of functional hERG tetramer formation by 4.5-fold. Consequently, APD in siRNA-treated LQT2 cardiomyocytes was shortened, K + currents increased, and spontaneous as well as isoprenaline and E4031-induced arrhythmias abolished. These are significant findings since they demonstrate that adrenergic stimulation and potassium current blockage, which often evoke arrhythmic episodes in LQT2 patients, 30, 31 are prevented by RNAi treatment.
In vivo specificity and efficacy of allele-specific RNAi in animal models of LQTS, delivery methods, safety, dosage, and timing issues would need to be addressed before this therapy for LQTS was transferred to the clinic. Other RNAi-based animal and clinical trials for the treatment of disorders such as cancer, age-related macular degeneration, respiratory syncytical virus pulmonary infections, and Duchenne muscular dystrophy use targeted systemic nanoparticle delivery for siRNA administration to patients, 32 delivery via intravitreal and i.v. injection of naked siRNA 33, 34 or administration in the form of nasal sprays. 35 In vivo siRNA delivery to human cardiomyocytes has not been reported to date, but mouse studies show rapid and efficient siRNA biodistribution in several internal organs, including the heart, via i.v. injection. 36 Injected macroscopic biomaterial scaffolds or conjugation to peptides could also allow siRNA delivery specifically to human hearts. 37 Tissue-specific delivery would alleviate potential offtarget effects of siRNAs in non-cardiac cells. Allele-specific mRNA knockdown is a largely unexploited novel concept with wide applications the future treatment of human diseases. It has previously been tested against triplet repeat expansions in the Huntingtin gene with knockdown validation in HeLa cells, 38 and SNP mutation in the procollagen type III gene with validation in skin fibroblasts form a rare (prevalence 1:100 000) Ehlers-Danlos syndrome patient. 39 Study of allele-specific mRNA knockdown has never been shown for common conditions and where isolation of affected human tissue is challenging, such as in cardiac disorders. Here, hiPSC reprogramming technologies enabled generation of patient-specific cardiomyocytes, faithfully recapitulating disease pathologies in vitro, compared with genetically matched controls, where benefits of allele-specific knockdown were assessed in functional human cells. This would pave the way towards further in vivo testing in animal models of LQTS and ultimately clinical trials that could personalize clinical treatment for not only LQTS mutations (prevalence 1:1000), but also other congenital cardiovascular and non-cardiovascular disorders caused by autosomal-dominant-negative mutations.
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